Introduction
Mammalian cells activate cell cycle checkpoints for DNA damage repair and proper segregation of chromosomes (Zhou and Elledge, 2000) . As a fail-safe system, cells are endowed with yet another damage response of apoptosis to eliminate damaged cells (Wright, 1999) . The preimplantation stage mouse embryos are highly sensitive to radiation (Goldstein et al., 1975) , and this could be owing to a peculiarity of the damage responses of the early-stage embryos. For example, pre-midblastula transition period of early embryogenesis in Drosophila, zebrafish and Xenopus failed to arrest even when DNA synthesis was inhibited by aphidicolin (Raff and Glover, 1988; Clute and Masui, 1997; Ikegami et al., 1997) .
The p21 cyclin-dependent kinase inhibitor is activated by p53-dependent and -independent mechanisms, and negatively regulates G1/S and G2/M transition (Taylor and Stark, 2001; Gartel and Tyner, 2002; Baus et al., 2003) . p21 is an unstable protein, which is degraded by the proteasome pathway (Jascur et al., 2005) . Peculiarities of the p21 mediated damage response were noted in embryonal carcinoma cells (Malashicheva et al., 2000; Taga et al., 2000) . In addition, we demonstrated previously that the sperm-irradiated mouse zygotes entered S phase without G1/S arrest even though DNA synthesis was severely suppressed by the p53 dependent S checkpoint and they also progressed to two cell stage without a delay at the G2/M border (Shimura et al., 2002a, b) .
The present study demonstrates that the induction of p21 and concomitant cell cycle delay took place in sperm-irradiated mouse embryos only after day 2.5 to day 3.5 post-fertilization. Sperm-irradiated embryos of the p21À/À genotype lacked this delay, but underwent extensive apoptosis at day 4.0 in the inner cell mass (ICM), and their subsequent fetal development was strongly suppressed. These results demonstrate a hierarchy of the damage response system during early embryogenesis; p53 functions from the beginning and p21 functions only after the morula/blastocyst stage, a mammalian equivalent of the midblastula transition period.
Results
Developmental delay of sperm-irradiated embryos at day 3.5 Examination of control and 6 Gy sperm-irradiated mouse embryos demonstrated that they underwent cleavage without delay until day 2.5 and started to exhibit delay at day 3.5 after fertilization ( Figure 1a , bottom right). Cell numbers per embryo plotted on normal and logarithmic scales in Figure 1b demonstrated that the first cleavage took about 24 h. They cleaved more rapidly until the morula-blastocyst stages at day 2.5 when the cleavage slowed down again and this was associated with the blastocyst formation. Spermirradiated embryos started to exhibit cleavage delay at the morula-blastocyst stages of day 2.5, but the delay became more pronounced at day 3.5. The average cell number per embryos was less in sperm-irradiated embryos at day 3.5 (Po0.0005), which was owing to the presence of delayed embryos ( Figure 1c and Table 1 ). The delayed embryos with fewer blastomeres failed to undergo compaction and blastocyst formation (indicated by arrows in Figure 1a , bottom right).
Cell cycling was examined for the delayed spermirradiated embryos of day 3.5. The DNA content of control embryos showed a normal distribution (Figure 2a, left panel) . The DNA content in spermirradiated embryos with normal morphology distributed similarly to that of the control embryos while that of the delayed embryos was biased toward 4C DNA content (Figure 2a, middle and right) , suggesting that they were arrested at the G2 phase of the cell cycle. This was confirmed by the presence of G2-M specific phosphorylated H3 histone (Hendzel et al., 1997) (Figure 2b ).
Delayed activation of p21 in sperm-irradiated embryos
The results described so far indicate that cell cycle checkpoint starts operating at day 2.5. to 3.5 in mouse embryogenesis. Since p21 plays an important role in G2/ M arrest, the expression of p21 was examined in control embryos, 3 Gy directly irradiated embryos and spermirradiated embryos with the use of H2A.Z as an internal standard for the real time reverse transcriptasepolymerase chain reaction (RT-PCR) analyses (Jeong et al., 2005) . The results are shown in Figure 3 . Direct irradiation of day 1.5 and 2.5 embryos with 3 Gy increased the expression by 4.5-and 4.0-folds, respectively. The same direct irradiation of day 3.5 embryos lead to 13-fold increase in the p21 expression. When spermirradiated embryos were examined, the p21 levels were 1.6-and 1.7-fold of the controls for days 1.5 and 2.5, respectively. However, at day 3.5, sperm-irradiated p21 provides stage specific DNA damage control SK Adiga et al embryos with delayed morphology exhibited much higher level of 17-fold induction. As for the spermirradiated embryos with normal morphology, the activation was merely 3.9 fold (Figure 3) . Altogether, these results demonstrated that p21 was activated at the blastocyst stage much more readily than the earlier stages.
Lack of the delay in the p21À/À genetic background The role of p21 in embryogenesis was further analysed by examining the p21 null embryos. Interestingly, 6 Gy sperm irradiation marginally affected the embryonic development in p21À/À embryos (Table 1 ). In addition, the day 3.5 sperm-irradiated p21À/À embryos were morphologically indistinguishable from the day 3.5 control embryos, demonstrating p21 dependence of the delay and the total cell number was not reduced in day 3.5 p21À/À embryos by sperm irradiation (Figure 4a and b). At day 4.0, the cell number of p21À/À embryos was reduced by sperm irradiation. It is interesting to note that the cell number of the p21À/À control embryos was always higher than that of the p21 wildtype control embryos at days 2.5-3.5 ( Figure 4b ).
The lack of the delay was further confirmed by staining the embryos for phosphorylated histone H3, a marker of G2-M cells. Although the frequency of phospho-H3-positive cells increased significantly by sperm irradiation in the p21 wild-type embryos, it was marginally affected in p21À/À embryos ( Figure 4c ). These results confirm that p21 is indeed responsible for the cleavage delay in a fraction of sperm-irradiated day 3.5 embryos.
Activation of p21 by delayed chromosome breaks Radiation-induced DNA double-strand breaks produce chromosome breaks, which can be detected as micronuclei. Analyses of sperm-irradiated embryos revealed that those with higher number of micronuclei had less number of cells at day 3.5 ( Figure 5a ). Thus, chromosome breaks are the likely cause of p21 activation, which resulted in the cleavage delay of sperm-irradiated embryos. The number of micronuclei in wild-type control embryos were low, around 0.01-0.02/cell at days 3.5 and 4.0 and it was increased by sperm irradiation to 0.08 and 0.19 at days 3.5 and 4.0, respectively ( Figure 5b ). The number was higher in (b) Phospho-H3 immunostaining of control and sperm-irradiated day 3.5 embryos. The speckled staining pattern represents the nucleus of early G2 phase and the homogeneous staining for late G2/early M phase.
p21 provides stage specific DNA damage control SK Adiga et al p21À/À embryos than in the wild-type control embryos at days 3.5 and 4.0, which was further increased by 6 Gy sperm irradiation (Figure 5b ). In the sperm-irradiated embryos, DNA double-strand breaks were introduced at the zygotic stage, yet micronuclei number clearly increased from day 3.5 to day 4.0 in sperm-irradiated embryos (Figure 5b) . Thus, the micronuclei must have been induced by newly generated DNA double-strand breaks. Indeed, delayed DNA double-strand breaks were evident as the foci of gH2AX overlapped with micronuclei in sperm-irradiated embryos (Figure 5c ).
Delayed apoptosis in sperm-irradiated embryos and its suppression by p21 p21 can inhibit apoptosis by interacting with proapoptotic molecules (Gartel and Tyner, 2002) . The lack of suppression in cell numbers in sperm-irradiated embryos until day 3.5 indicated that these early stages lacked the apoptotic pathway. Indeed, TdT-mediated dUTP nick end labeling (TUNEL) assay of p21 wild-type and p21À/À embryos revealed no apoptosis before day 2.5 (data not shown Figure 3 Real-time RT-PCR analyses of p21 mRNA for day 1.5, 2.5 and 3.5 embryos. Real time RT-PCR was conducted on two replicates of 10 RNA samples from day 1.5, day 2.5 and day 3.5 embryos. The relative amount of p21 mRNA was normalized for that of H2A.Z and was expressed as the fold increase over the control sample. 0 Gy denotes unirradiated control embryos, direct 3 Gy for directly irradiated embryos, sperm 6 Gy for spermirradiated embryos, sperm 6 Gy (N) for sperm-irradiated embryos with normal morphology and sperm 6 Gy (D) for sperm-irradiated embryos with delayed morphology. The data of four real-time RT-PCR analyses, twice for each sample from two replicates, were averaged and the error bars represent the corresponding s.e.m. p21 provides stage specific DNA damage control SK Adiga et al detected in p21 wild-type control embryos at day 3.5 and they were marginally increased in number by sperm irradiation (Figure 6a , left panel). However, a drastic increase in apoptosis was noted in the sperm-irradiated embryos at day 4.0. TUNEL-positive cells were much more abundant in p21À/À embryos at day 3.5 and the number of apoptotic cells further increased at day 4.0 ( Figure 6a , right panel). Sperm irradiation strongly increased TUNEL-positive cells at day 3.5, which were further increased in number at day 4.0. Regardless of p21 genotypes, the TUNEL-positive cells were restricted in the ICM region of the blastocyst stage embryos (Figure 6b ). Two conclusions can be drawn from the above results. First, apoptosis is stage-specific; triggered at day 3.5 and later in the ICM cells. Second, apoptosis is more prominent in the absence of p21.
Suppression of post-implantation development of p21À/À sperm-irradiated embryo Pregnancy outcome of sperm irradiation was assessed on three genetic backgrounds, the wild-type, p53À/À and p21À/À, by counting placentas as an indicator of successful implantation and fetuses at day 18 as successful fetal development (Table 2) . Without sperm irradiation, almost all the implanted embryos successfully developed to live fetus. However, 6 Gy sperm irradiation suppressed the implantation and fetal development in a genotype-dependent fashion. In the wildtype embryos, the implantation was not affected, but the fetal development was suppressed by 6 Gy sperm irradiation to approximately 50% of the control. This suggests successful development during early stages, but half of the implants failed the fetal development. In contrast, 6 Gy sperm-irradiated p53À/À embryos failed to reach even the implantation stage. Analyses of the p21À/À sperm-irradiated embryos yielded somewhat intermediate results. The number of placenta was not reduced, but that of fetuses was reduced to almost 10% of the control. This indicates that the protective function of p21 operates at later stages than that of p53.
Discussion

Transcriptional activation of genes during early mouse embryogenesis and expression of p21
The preimplantation stage of early embryogenesis can be divided into the cleavage stage, morula stage and the blastocyst stage (Fleming et al., 2001) . Mouse embryos were reported to be devoid of G 1 phase and they acquire all the characteristic phases of cell cycle only after the blastocyst stage (Mukherjee, 1976) . Xenopus embryogenesis has been characterized by a period called midblastula transition, in which a burst of transcription takes place concomitant with prolongation of cell cycle time (Newport and Kirschner, 1982) . In mice, the midblastula transition period corresponds to the morulablastocyst stage with a similar surge of transcription of p21 provides stage specific DNA damage control SK Adiga et al housekeeping genes (Jeong et al., 2005) . Indeed, the increase in the level of expression of b-actin gene was more than 200-fold, while that of H2A.Z gene less than 10-fold, making this gene particularly suitable as the internal standard for RT-PCR analyses. Microarray profiling of preimplantation stage mouse embryos was conducted which could not detect p21 until embryos reached the eight cell stage (Zeng et al., 2004;  http://www.ncbi.nlm.nih.gov/geo/query). This is consistent with the lack of G1 phase up until morula stage (Mukherjee, 1976) . Our present study indicated that the rate of cleavage was decreased at day 2.5 and this was less so for the p21À/À embryos (Figure 4b ), suggesting the involvement of p21 in the reducing cell cycling at the midblastula transition period. Activation of p21 was reported to be responsible for growth suppression of embryos when the condition of uterine wall is unfavorable for implantation (Hamatani et al., 2004) .
Stage specificity of damage-induced p21 activation at day 3.5 embryos Tightly packed sperm DNA decondense after fertilization in zygotes (Wright, 1999) . Hence, DNA lesions in irradiated sperm are expected to induce a series of damage response in the zygotes and in developing embryos. We have previously reported the lack of activation of G1/S and G2/M checkpoint and the presence of p53 dependent S checkpoint in spermirradiated embryos (Shimura et al., 2002a; Toyoshima et al., 2005) . The present analyses revealed activation of p21 and G2/M checkpoint only after the midblastula transition period. Expression of p21 is known to be regulated at the transcriptional level although post-translational regulation was also demonstrated (Malashicheva et al., 2000; Gartel and Tyner, 2002) . In somatic cells, p21 is activated by g-irradiation to arrest cells at G1/S and G2/M phases (Gottifredi et al., 2004) . However, real-time RT-PCR analyses of early stage mouse embryos in the present study have demonstrated that p21 is poorly activated before day 3.5. The increases in the levels of p21 were 4.5-and 4.0-fold for directly irradiated day 1.5 and day 2.5 embryos, respectively and 1.6-and 1.7-fold for spermirradiated day 1.5 and day 2.5 embryos, respectively and these values may seem to be large enough. However, the actual levels of p21 mRNA is quite low in these p21 provides stage specific DNA damage control SK Adiga et al directly irradiated and sperm-irradiated embryos, since the baseline level of internal standard, H2A.Z, was 10-fold less at day 1.5 and day 2.5 (Jeong et al. 2005) . In contrast, at day 3.5, the increase was 13-fold for directly irradiated embryos and 17-fold for spermirradiated delayed embryos. Thus, damage-induced transcriptional activation of p21 and G2/M arrest does not take place readily before the morula-blastocyst stage.
Activation of p21 by delayed chromosome breaks Micronuclei are eliminated through cell divisions (Fenech, 1993; Iliakis et al., 2004) . In our present study, DNA damage was introduced at the zygotic stage, but the frequency of micronuclei increased in later stages of embryogenesis, suggesting generation of new chromosome breaks. Radiation induction of genomic instability, especially delayed chromosome instability has well been documented in a variety of cell culture systems (Kadhim et al., 1992; Morgan, 2003) . Phosphorylated histone, gH2AX, forms foci at the site of DNA double strand breaks (Friesner et al., 2005) . Presence of gH2AX foci in micronuclei indicates that the latter was formed by newly generated DNA double-strand breaks in day 3.5 embryos. Thus, delayed activation of p21 must have been owing to de novo generated DNA strand breaks in sperm-irradiated embryos. It is interesting that p53 is activated at the zygotic stage when fertilized with irradiated sperm without concomitant activation of p21 before day 3.5.
Delayed apoptosis in the day 3.5 to 4.0 embryos Apoptosis eliminates potentially deleterious cells (Heyer et al., 2000) . We detected apoptotic cells in the ICM at day 3.5 but not in earlier stages, although apoptosis was reported previously in preimplantation embryos (Jurisicova et al., 1998) . Sperm-irradiated embryos with delayed morphology lacked apoptotic cells, further suggesting the requirement of certain stages for apoptosis. Atm-and p53-dependent apoptosis was reported to occur in the postimplantation stages (Heyer et al., 2000) . Although, p21 is known to be both anti-and proapoptotic (Liu et al., 2003) , our present study demonstrates promotion of apoptosis in preimplantation stage embryos in the absence of p21.
p53-and p21-mediated protection of embryonal and fetal development p21 and p53 are involved in cell cycle arrest (Taylor and Stark, 2001; Baus et al., 2003) . Our observation of a higher cell number in p21À/À control embryos suggests a role of p21 at the midblastula transition period. p21 also protects embryos from spontaneous DNA breaks as indicated by more frequent micronuclei in p21À/À embryos. In addition, p21 arrests the embryos before the blastocyst stage to suppress delayed chromosome instability in sperm-irradiated embryos. The embryos successfully progressed into the blastocyst stage then eliminate chromosomally damaged cells by apoptosis.
Regardless of the delay, differentiation of trophoectoderm takes place, enabling sperm-irradiated embryos to implant. Trophoectoderm differentiates as early as at eight cell stage (Ziomek and Johnson, 1980) and is resistant to radiation induced apoptosis (Goldstein et al., 1975; Heyer et al., 2000) . In contrast, ICM cells are highly sensitive to apoptosis (Kamjoo et al., 2002) , which is responsible for the suppression of fetal development by 6 Gy sperm irradiation (Table 2 ). In the case of the p53À/À embryos, 6 Gy irradiation to sperm produces numerous chromosome aberrations, blocking the cleavage for the complete elimination of embryos (Table 2) , (Shimura et al., 2002b) .
The hierarchy of damage responses Altogether, our present study demonstrates a hierarchy of damage responses to assure the genomic integrity during early embryonic development. p53 dependent S checkpoint functions in the zygotic stage to suppress erroneous replication of damaged DNA. p21 mediated cleavage arrest comes next to prevent delayed chromosome damage. Apoptosis operates even later in ICM to eliminate deleterious cells. Thus, early development of sperm-irradiated embryos is protected at least by three mechanisms regulated by p53 and by p21.
Materials and methods
Animals and embryos
Eight-to 10-week-old ICR mice were used. The p21 knockout allele was introduced into ICR from the mice purchased from the Jackson Laboratory (Bar Harbor, Maine, USA). The animal handling was done according to the Kyoto University Guidelines for Animal Experimentation. Partial body irradiation was performed by exposing the testicular area of males to 6 Gy X-rays. Males were mated within 24 h after irradiation to unirradiated females to obtain sperm-irradiated embryos. Direct irradiation to embryos was performed with 3 Gy g-rays to pregnant mice and embryos recovered 12 h after irradiation. Superovulation was not used in the present experiments since the quality of embryos was inferior to that by natural mating.
Embryos were examined under the phase-contrast microscope for their morphology. Sperm-irradiated day 3.5 embryos were separated into two groups, with normal morphology (normal embryos) and with cleavage delay (delayed embryos). As for the assessment of pregnancy outcome, the pregnant mice were examined on day 18 and the numbers of fetuses and placentas were scored. All fetuses even with morphological anomalies were scored as live fetuses.
Real-time RT-PCR analyses of p21 mRNA Two independent replicates of RNA samples were prepared for 10 groups of embryos (50-63 embryos per group). Three groups of day 1.5 embryos were those of control, 3 Gy directly irradiated and 6 Gy sperm-irradiated. Similar three groups were for day 2.5 embryos. Four groups of day 3.5 embryos were those of control, 3 Gy directly irradiated, 6 Gy spermirradiated with cleavage delay and 6 Gy sperm-irradiated without the delay. The real-time PCR was repeated twice for each sample and for two replicates of each group. The details are given in Supplementary Information. p21 provides stage specific DNA damage control SK Adiga et al Immunofluorescence, DNA content analyses and micronuclei counting Embryos were immunostained with anti-phospho-histone H3 antibody anti-phospho-histone H2AX antibody (details in Supplementary Information). For the DNA content analysis, embryos were subjected to mild hypotonic treatment, fixed with methanol and acetic acid (3:1), transferred onto a cover glass, treated with RNase and stained with PI (0.1 mg/ml). The relative intensity of PI fluorescence was scored by laser scanning cytometer (LSC101; Olympus, Japan). The micronuclei were scored simultaneously in the PI-stained embryos, and the score was expressed as number of micronuclei per cell.
TUNEL assay
Embryos were washed, placed on 0.1% poly L-lysine-coated cover slips and fixed with 4% paraformaldehyde. TUNEL assay was performed using commercial kit with the standard procedures (Takara, Japan). TUNEL stained samples were counterstained with DAPI and observed under fluorescent microscope for TUNEL positive cells.
Statistical analysis
Statistical significance was assessed using Student's t-test, w 2 test or ANOVA and Po0.05. was considered significant.
